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ABSTRACT

1
)

This handbook describes nuclear weapon thermal output and its effects
on forest and wildland environments. S];I)ecific topics include a descrip-
tion of the nuclear thermal pulse and its transmission through the atmo-
sphere for surface, atmospheric, and high-altitude bursts; ignition re-
quirements of alpha cellulose and wildland fuels (including living vegeta-
tion); the classification and distribution of different types of forest fuels
and climates and a discussion of fire potential; the behavior of single, .
multiple, and mass fires and firestorms; the post-fire environment; fire-
fighting and evacuation methods; effects on military operations and man,

Also included for completeness are non-thermal effects on the forest
and wildland — nuclear radiation and air blast effects — together with syner-
gistic considerations, such as blast-fire and fire-fallout interactions.
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CHAPTER 1
- INTRODUCTION

1.1 SCOPE

This handbook describes the basic thermal effects associated with
nuclear weapons, applies them to selected forest and wildland envi-
rons typical of a range of climates and geographic locales, relates
thermal effects (fire in particular) to other weapons effects, and
provides guidance to organizations and individuals involved in opera-
tions in forested and other wildland areas that may be subjected to
nuclear weapons effects. Throuyghout the book, the _term 'forest" is
used to represent all wildland environments except where otherwise
specified.

1.2 OBJECTIVES

® To provide a basic source book of information on thermal
effects, principally fires in forests and other wildland areas,
complementing publications that discuss oth:r nuclear detona-

tion ‘effects.
/

e To provide a basic source book of information on forest types
and on geographical, topographical, and meteorological factors
significant to the evaluation of thermal and fire problems for
forested areas.

® To provide data and methods for interrelating forest factors
and all relevant nuclear weapons effects parameters.

®» To provide guidance to commanders, operations planners, and
individuals, in order to facilitate survival and operational
success in a forest fire environment. While oriented largely
toward military units and nuclear weapons, in many respects
the guidance is agzplicable to civilian groups and non-military
fire situations.
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1.3 GENERAL

Thermal effects are interrelated with other effects, with opera-
tions, and with the environment in a complex but partially quantifiable
fashion. This handbook summarizes current knowledge of significant
factors. The following paragraphs set forth important topics covered
in the texts.

There is major interaction between thermal and blast effects
caused by blast rearrangement of fuels and wind effects on ignitions.
There is noticeable interaction between nuclear fallout and fires
because fire updrafts modify fallout deposition patterns and redeposit
fallout already on the ground.

Operationally, the presence of fallout in a fire area can increase
casualties both directly and by inhibiting fire-control or evasion
activities. In addition, operationally, a forest fire tends to inhibit

movement, interfere with visual and electronic surveillance, increase -

materiel and personnel casualties, remove concealing foliage, and
divert resources.

As well as providing concealment, foliage may intercept a signifi-
cant fraction of the incident thermal pulse, thereby reducing both
initial burns of personnel and materiel and the number of primary
ignitions. '

The extent of the area initially ignited, the rate and extent of fire
spread, and the number and severity of initial casualties, depend
critically on the season of the year, weather conditions at the time of
weapon detonation and for some weeks beforehand, and the general
character and vigor of the vegetation.

The rate and extent of fire spread and the feasibility of evading,
suppressing,or limiting the fire depend heavily on forest type, ground

fuel, topography, and the presence of natural barriers.

1.4 ACTION REQUESTED

It is incumbent that commanders and planners operating in a forest
environment under conditions of nuclear war take note of not only the
threat posed by initial weapons effects, but also the fire environment.
Forest fires add a new dimension to the problem of avoiding bottle -
necks and otherwise complicate the planning problem.
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Implications for training may be derived from the planning factors
just cited. Individual survival training is also required. Finally, the
post-fire environment must not be neglected. Even after fires are
out the nature of the zone of operations is far different from its pre-
fire condition and may be even more unmanageable than during the
burn period.



CHAPTER 2
NUCLEAR THERMAL PULSE

2.1 INTRODUCTORY COMMENTS

In evaluating the incendiary and other damaging thermal effects
of nuclear detonations, it is not sufficient to know only the total ther-
mal energy incident on the target area. Several other fairly impor-
tant factors also must be specified. These include the time-irradiance
history (the "pulse’) of the thermal exposure, its spectral distribution,
and its angular incidence on target surfaces. These factors are
determined by the nature of the detonation, its total energy yield, its
height of burst, and its immediate environment; however, they are
also modified by the atmosphere between the burst and the target ele-
ments. Moreover, the response of the target to the incident radiation
is characteristic of the nature of the component parts of the target and
of its own environment both currently and, in some cases, its recent
past history. This chapter deals with the thermal characteristics of
the nuclear pulse and their dependence on the conditions of burst with-
out regard for the surrounding atmosphere.

2.2 THE NUCLEAR FIRE BALL

Ixnn;ediately following the initiation of the nuclear reactions in the
core of the nuclear weapon, in a very brief fraction of a second before
enough time has passed for the outward motion of expanding core mate-
rial to have any effect on the bomb case, X rays begin streaming out
into the surrounding environment. These X rays result from the
extremely high temperatures existing in the bomb core (tens of mil-
lions of degrees - about 1 keV) and may represent as much as three
quarters of the total energy release of the nuclear reaction.

The nature of this radiation, its spectrum, and the amount of it
that escapes the weapon to interact with the environment is determined
by the construction of the weapon rather than by the environment.
Despite this, the thermal radiation which eventually reaches a distant
target, in most circumstances; is largely independent of the construc-
tion of the weapon. The thermal radiation is determined primarily
by the ‘environment in which the detonation occurs.
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This document is concerned principally with detonations in air,
i.e., atmospheric bursts ranging from surface bursts and sea level
altitudes to high altitude bursts which are generally a few hundred
thousand feet or below. In air the soft X rays that escape the weapon
case are absorbed by the air surrounding the point of detonation and
heat that air to very high temperatures. The growth and development
of the fireball is a very complex process which is not of concern here.
It is sufficient for purposes herein to state that the heated air making
up the fireball radiates very large amounts of energy to its surround-
ings in the visible and near-infrared portions of the spectrum, i.e.,
the main thermal-radiation pulse. Under most circumstances this
radiation is determined by the characteristics of the air and therefore
the spectral distribution of the radiation is, for all practical purposes,
the same for all detonations in air. The size of the fireball is deter-
mined by the total energy release of the detonation and by the density
of the air surrounding it. As a rough rule of thumb, about one kiloton
of air is heated to make up the fireball for e¢very kiloton of energy
release. Accordingly, the volume of air making up the fireball
increases in direct proportion to the energy yield of the detonation
{its radius in proportion to the cube root of the yield) and its dimen-
sions increase with altitude. The amount of the thermal radiation
energy emitted and the duration of the thermal radiation pulse are
also determined by the total energy yield of the weapon and burst
altitude. The effective thermal radiation yicld is a large, nearly
constant fraction of the total yield (about one-third to one-half), ex-
cept for contact surface bursts and to a lesser extent for air bursts
whose fireballs interact with the surface, and bursts at such great
altitude that for all practical purposes they are above the atmosphere.
For the exceptions mentioned above, the fraction is always somewhat
smaller and at extremely high altitudes will range down to insignifi-
cant values.

For low altitude bursts the thermal radiation pulse lasts from
about a second or two for weapons in the nominal-yield category to tens
of seconds for weapons in the lower megaton-yield range and may last
as long as a minute or more for the very largest weapons,.

Strictly speaking, there is no instant in time that marks the end
of the thermal radiation from the detonation. At late times, as the
residual fireball and its cloud of radioactive debris rise, the heated
air in this cloud is still radiating some thermal energy; however,
this radiant energy is released so slowly that it has little military

2-2 'Y
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importance. Therefore, in this handbook, the terms 'thermal radia-
tion phenomena, " 'thermal effects, '' and ''thermal pulse' only pertain
to that portion of the radiated energy which more accurately could be
termed the prompt thermal pulse. This restriction in the meaning

of terms such as 'thermal effects’ excludes a number of nuclear
burst phenomena that are really thermal in nature. For example,
fireball rise is a thermal effect in the broad sense of the term; the
fireball is buoyant for the same reason that a hot air balloon is buoy-
ant. These effects, however, are not germane to our subject.

2.3 DEPENDENCE OF FIREBALL SIZE AND THERMAL EMISSION ON THE
CONDITIONS OF BURST

The size of the fireball and the chargglifristics of the thermal
pulse are both important factors in deterrining the damage effective-
ness of a nuclear detonation. They depend not only on yield and alti-
tude, but also on interactions with the ground. This section will
describe several of the more important cases. The simplest of these
cases is the low altitude air burst. The other cases are basically
modifications of this case.

2.3.1 Low Altitude Air Bursts (less thon about 100 kft )

The thermal radiation pulse from a low altitude air burst exhibits
the characteristics shown in Figure 2-1., The total thermal energy
radiated by the detonation, E, is just the radiant power, P, integrated
over the total duration of the pulse (E = /g Pdt). The time scale in
Figure 2-1 is normalized to the time of maximum radiant power
emission t.,,,, to make the figure generally applicable to all yields.
Values of t,,,5x increase with yield, W, approximately as wo0.5, A
20-KT low altitude air burst has a t,,,, of about 150 milliseconds,
so an approximate scaling relationship for t,,,« is 0.032 wO0.5 for
W in kilotons. In spite of its limited accuracy, this equation has the
advantage of convenience in that if it is converted to megaton units,
it becomes t,,x ™ wWO0.5, Within the range of about 1 KT to several
megatons, this equation is good for low altitude air bursts to about
+30 percent.

At altitudes above sea level, t .. is also proportional to the square
root of atmospheric density so that t ., = (W p/po)o-s, where p is
atmospheric density at altitude, and Pg is the density at sea level.
Since the density of 20 miles altitude is about one-hundredth of that
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Figure 2-1. Scaled fireball power and frction of thermal energy versus scaled
time in second thermal pulse of an air burst (Reference 1).

at sea level, the thermal pulse from an explosion at that altitude is
about an order of magnitude shorter duration than at sea level. As
a convenient rule it can be stated that atmospheric density changes
by roughly a factor of 10 for every 10 miles of altitude. These facts
are summarized in Figure 2-2 showing pulse durations for various
weapon Yyields at various altitudes, using appropriate exponents just
discussed. : ~ - '

The fireball radius at t ... can be similarly scaled with yield.
For near sea level air bursts, the radius is given approximately (with-
in + 30 percent): byR___(in feet)= 180 WO 4 for W in KT. Figure
2-3 illustrates the change in fireball radius with yield for a variety of
burst altitudes, using the appropriate exponent.

2.3.2 Surface Bursts

When a nuclear explosion occurs on or near the surface of the
earth, the explosion phenomena are affected in several ways. Pro-
vided the distance above the suarface is nct great compared to the
fireball dimensions, the phenomena are essentially the same-as for
the bursts nccurring on the surface. As the height of burst increases

2-4
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up to a point where the fireball, at its maximum size, no longer
touches the land or water, there is a transition zone in which the

. behavior is intermediate between that of a contact surface burst and

an air burst.

In a surface or near-surface burst, the fireball in its initial rapid
growth will touch the surface of the earth and a significant fraction of
the X rays will be absorbed by the surface material. Because of the
intense heat, a considerable amount of rock, soil, water, and other
material located in the area will be vaporized and taken into the fire-
ball, reducing its temperature. The proportion of the explosion energy
appearing at a distance as thermal radiation will be less than for an
air burst. Some energy is utilized in melting or evaporating surface
material, but this is relatively small (about 1 to 2 percent) and has
a minor effect on the thermal radiation emitted. As far as the energy

received at a distance from the explosion is conicerned, other factors

are more significant. First, there will be a certain amount of shield-
ing due to terrain irregularities and second, some absorption of the
radiation will occur in the dust or water vapor produced near the burst

point ifA the early stages of the explosion. 2
»

‘Both the pulse duration and the dimensions of the fireball are
increased by interaction with the surface. In fact, the fireball for
a surface burst of a weapon of yield W develops approximately as
that of an air burst of yield 2W. Estimates of pulse duration-and
fireball radius for surface bursts are available from Figures 2-2
and 2-3 by using 2W in place of W.

23 3 High Altitude Detonations

Below about 100, 000-foot-altitude the pulse shape previously
described for low altitude detonations is reasonably accurate and
the 'scaling laws for low altitude air bursts apply. Above this alti-
tude the thermal pulse becomes significantly distorted and the dis-
tortion progresses with increasing altitude. Also with increasing
altitude the fraction of yield appearing as blast is progressively
reduced, a large fraction of the thermal energy is emitted at very
early times, and the effective duration of the pulse is increasingly
curtailed. In spite of these changes, the previously discussed
scaling relationships adequately apply for most purposes of estimating
incendiary and other thermal responses on the ground.

[
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2.3.4 Very High Altitude Detonations

At very high altitudes (greater than 50 miles) the fireball will
tend to be distorted by the atmospheric density gradient, becoming
flattened at the bottom and elongated at the top. If the burst altitude
is increased sufficiently, the X rays emitted upward will escape the
atmosphere completely and only those emitted downward will be
absorbed when they reach denser air. Therefore the fireball tends
to assume the shape of a pancake or very shallow cone centered at
an altitude that depends on the X-ray energy but not on the actual
bursat height. For a bomb temperature of about 1 keV, this altitude
is about 50 miles. The radius of the heated layer is approximately
h-50 miles; h is the weapon-burst height.

The period during the first few milliseconds of the thermal pulse
from a detonation at these heights contains 10 to 20 percent of the
energy deposited in the air layer while the tail of the pulse, contain-
ing 20 to 50 percent of the energy, may last an additional .1 to 100
seconds, depending on burst height, yield, and bomb temperature,

with the values of lesser radiating efficiency considered more likely.

The rate at which absorbed energy is re-emitted from the fireball
and the effective fireball radiating temperature are functions of its
initial temperature and density, which can vary widely depending on
these burst parameters. Note that here is a case where weapon
design, specifically, yield-to-mass ratio, can have a considerable
influence on fireball behavior, since the altitude and densaty of the
fireball layer are dependent on the initial bomb temperature.

It is very unlikely that detonations at such great height would
ever be used on wildland targets because of their inherent lack of
damaging effectiveness for ground targets. Should such detonations
occur over wildlands for other reasons such as the result of IBM
intercept, the likelihood that they could start fires on the ground
is considered to be small, but there are insufficient data from
weapons tests for firm conclusions to be reached.

2.4 REFERENCE

B Glasstc;ne, S. ed., The Effects of Nuclear Weapons , Department
of Defense, U.S. Government Printing Office, Washington,
D.C., Revised Edition, 1964.
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CHAPTER 3
THERMAL TRANSMISSION

3.1 RADIANT EXPOSURE OF DISTANT TARGET

In the absence of atmospheric attenuation, the divergence of the
thermal energy as it propagates away from the fireball causes the
radiant power per unit area (called the radiant exposure), denoted as
Q, to decrease as the inverse square of the distance. At a distance
D from the fireball, the thermal energy is distributed over a spherical
area of 4% D2. Since the total thermal energy emitted by the fireball,
E = fW (KT) = fW x 1012 (in calories) is uniformly distributed over
such a spherical surface, the radiant exposure at a distance, neglect-
ing atmospheric attenuation, is Q = fW x 1012/4% D? (in calories per
unit area) where f is the fraction of the total yield in the form of
thermal radiation energy. If the distance is given in units of centi-
meters the radiant exposure has units of calories per square centi-
meter. Kilofeet, kilometers, and miles are more convenient units
than centimeters for measuring the range from a nuclear burst.
Appropriate conversion factors allow us to retain the units of cai
cm-2 sec-1 for Q while putting D in more convenient units; e. g.,

Q= 7.96 fW/D2, for D in kilometers; and Q = 85. 7 fW/DZ2, for D in
kilofeet. If D is expressed in miles, A ~ W/DZ (assuming f = 1/3).
This is the basis for the popular rule of thumb: for each KT of yield,
a radiant exposure of 1 calorie per square centimeter will be delivered
at one mile.

The rate at which the radiant exposure is delivered to the target is
called the irradiance, H, and bears the same relationship to the total
thermal power, P, as radiant exposure, Q, does to total thermal energy,
E. Therefore, the scaled-time relationship of total radiant power and
energy shown in Figure 2-1 applies equally well to the analogous quan-
tities dealing with exposure of a surface at any distance from the point
of detonation.

The radiant exposure of a material will, in general, be less than
that indicated above. If the exposed surface is not normal to the angle
of the rays of the radiation, the radiant exposure will be reduced as

>



the cosine of the angle. Any obscuring materials between the fireball
and the target, including microscopic particles in the air, will reduce
the radiant exposure of the target. Opaque solid objects completely
attenuate direct thermal radiaticn.

Air both scatters and absorbs thermal radiation, but for those
wavelengths which are not absorbed relatively close to the fireball,
air is primarily a scattering medium. At large distances the radia- ~
tion '"scattered' may be as large or larger than the direct radiat;Ln.
In this case the shielding afforded by opaque materials in the line of
sight may be significantly lessened.

Obviously a major factor in determining how much thermal radia-
tion arrives at a distant surface is the transmission of the atmosphere.
It is also a major source of uncertainty in current attempts to assess
thermal effects. Methods for estimating the overall atmospheric
transmittance (defined as that fraction of the thermal radiation which
arrives at a distant point having traversed an intervening, scattering
atmosphere), are discussed in the next sectioi.

3.2 ATMOSPHERIC TRANSMISSION

Because of the nature of the atmosphere and because of the pro-
cesses involved in atmospheric attenuation, it is important to consider
two cases; (1) transmission through the atmosphere near the ground
and (2) transmission from fireballs above the lower atmosphere.

3.2.1 Tronsmission Through the Lower Atmosphere

When the atmosphere is clear or hazy and cloudless, and when
the fireball is near the surface, the radiant exposure level at the
ground depends heavily on the attenuation properties of the atmosphere
near the ground and is assessed with adequate precision from conven-
tional estimates of visibilities aiong the ground. For large slant
ranges (relative to the visual range), the transmittance falls off so
rapidly with distance that the horizontal ranges for given radiant
exposure levels do not increase substantially with increased weapon
yield. This provides a point of diminishing returns in thermal effects.

Calculations of atmbspheric transmission that require only infor-

mation about along-the-ground visibilities, Figure 3-1, are probably
of adequate reliability for distances of the order of the visual range,
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but their utility is limited to surface and near-surface airbursts and
airbursts closer than about 2 kilofeet to the ground of weapons having
yields less than about a megaton. The fireballs of megaton-class
weapons are so large that even for surface bursts the transmission
path for much of the radiation is at least partially above the surface
haze layer. For such situations visibility is not a useful parameter
for assessing atmospheric attenuation.

3.2.2 Tronsmission from Sources Above the Lower Atmosphere

For large-yield detonations and for any other situations where the
{ireball may be regarded as being -above the scattering layer near the
ground, atmospheric transmission values for cases of extremely clear
and hazy conditions without clouds may be estimated with reasonable
confidence from Figures 3-2 and 3-3.

Attenuating or reinforcing effects of clouds, together with the sur-
face albedo, are applied as multiplicative factors to the foregoing
values for cloudless atmospheres with low surface albedos to provide
estimates of transmittance for complete atmospheres. These factors
are listed in Table 3-1. In the same table visibilities are given for
a variety of atmospheric descriptions as an aid in choosing visibili-
ties when they are required but not known. For forest and other wild-
land areas surface albedos are generally low.

3.3 ESTIMATING FREE FIELD RADIANT EXPOSURES

From these facts, combined with those given in Chapter 2, it is
possible to extend weapons test data to cover most of the situations
of practical concern. Figures 3-4 and 3-5 provide a basis for esti-
mating free-field radiant exposures on targets for low altitude air
bursts. Note that in these figures radiant exposures are normalized
to one kiloton. Values for surface bursts can be approximated by
multiplying air burst values by ratios read from Figure 3-6. The
situations illustrated are thought to be those of principle concern to
operations in forests and other wildlands, i.e., surface bursts and
low altitude air bursts.

3.4 OBSCURATION AFFORDED BY FOLIAGE AND STEMS

Before we can reliably assess incendiary effects or thermal injury
to exposed personnel, we must evaluate the extent to which free-field
radiant exposures can be modified by the attenuating components of

34
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Table 3-1. Modifying factors for transmission under various atmospheric
cont'iitiom with high or low surface albedos.

’ Tromsmission
Atmospheric Clossification ond Description Modifying ¥ o
Low
Surfoceb Overheod e ey
Type Visibility (mi) Type Description Albedo | Albedo
Very Cleor 0 -_ - . 1.0 1.5
Cleor 12 Cleor Sky, quite blue. Shadows, 1.0 1.5
distinct, ond dork. '
Light Haze 6 Light Haze Sky, white. Dazzling 0.7 1.05
neor sun. . Shodows,
visible, ‘ond groy.
Medivm Hoze 3 Medium Hoze | Sky bright grayish-white. 0.5 0.75
View sun without discom-
fort. Shodows visible
but foint.
Heovy Hoze 2 Heovy Haze Sky dull gray-white. 0.4 0.6
Sun’s disc just visible.
Shadows barely dis-
cemible. .
Thin Fog 1.2 Light Cloud Sky light groy with 0.3 0.45
. moximum luminonce
oround sun, Sun’s
disc not visible, no
shodows.
Light Fog 0.6 Medium Cloud | Sky dull groy with 0.2 0.3
maximum luminance ot
zenith.
Medium to <0.5 Heavy Cloud | Sky dork gray, gloomy. 0.1 0.15
Thick Fog

OTransmission volues, calculoted for the case of o cleor standord atmosphere (no clouds, minimol
haze component, low surface albedo), are multiplied by the appropriate factor to provide
estimates of transmission through clouded or hazy otmospheres over surfaces of either high or

low olbedos. 5

bThe clomification of haze or cloud layers on the ground uwsed here is basically that given in the
1962 issue of "The Effects of Nuclear Weopons™ by Somuel Glosstone (Reference 1). In ottempt-
ing to moke this list of conditions compatible with the occomponying 1ist of conditions for over-
head haze and cloud layers, two odditional conditions have been included. Haze (2.5 mile
visibility) hos been subcotegorized as medium and heavy haze with the visibility values token
arbitrarily os the neorest whole number above ond below, respectively. Also light to thick
fog (visibility of 0.5 mile or less) has been divided into light fog ond medium 1o thick fog.
Hoze loyers ore described in the same subjective terms whether overhead or on the ground. A
cloud on the ground, however, is termed fog. A light cloud on the ground is described as a thin
fog on the basis of subjective visuol judgment. Similarly o medium cloud layer on the ground
oppecrs as a light fog and o heavy cloud layer os a medium to thick fog.
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Figure 3-4. Free-field radiant exposures for low air bursts.
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the wildland target. The crowns of the trees, if in a position between
a given object and the fireball, will act as a shield and provide pro-
,tection from thermal radiation. The foliage making up the tree crowns
stands a good chance of being exposed to the full free-field radiation
loads from air bursts and may be severely dessicated, thermally (even
explosively) decomposed, and, at high enough flux levels, flash ignited.
Nevertheless, it is not likely to contribute to subsequent sustained
fires unless there is appreciable dead material in the canopy. It rnay,
however, r.aterially reduce the exposure of the forest floor by releas-
ing copious quantities of smoke and steam as well as by direct shading.

Neglecting thesé..thermally induced self-protective screening effects,*
a crude approximation to attenuation by trees and associated vegetation
may be postulated to be proportionate to the extent of the coverage of the
field of view of the fireball of tactical yield explosions by the elements
of the forest canopy. This is to say that the possibilities of thermal radi-
ation reaching a target on the grodnd surface depends on the presence and
nature of the shadow-producing objects in the vicinity of the target and
on the direction of the incident radiation. Height of burst and yield are
important geometrical parameters that must be considered. This assumes
the sources of thermal radiation to be above the tree tops.

The foliage of any forest tree in leaf is sufficiently opacque to drasti-
cally attenuate thermal radiation reaching the ground beneath, behind,
or in the shadow of the tree crown. For nominal explosions it may be
assumed that such attenuation will reduce irradiance considerably below
critical values.

*
Weapons test data indicate that these effects can be significant. (See

Chapter 6.)

** It will be seen in a subsequent discussion that thermal transmission
is negligibly small for the low line-of-sight angles corresponding to
burst heights less the tree heights, except perhaps for the short trans-
mission paths that accompany bursts in the extreme low-end of the range
of yields. For detonations at or below the canopy level having yields
measured in tens of tons, significant radiant exposures are possible
depending principally on obscuration by tree trunks and undergrowth

in the fireball line-of-sight, factors which are determined Sy the forest
characteristics (e.g., tree den ity, tree size and, especially, whether
it is a managed or unmanaged-forest), but which are not currently
amenable to evaluation. However, it can be said with som confidence
that significant thermal :xposures will not occur, even’in a sparsely
vegetated forest environraent at distances corresponding to peak over-
pressures of 10 psi or less, because even the full free-field thermal
exposure at these distances is only about 4 cal cm-2 or less.
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Openings in the forest canopy are subject to the same rules of at-
tenuation as the smaller openings in a tree crown through which a por-
tion of the fireball may be visible. Only those portions of surfaces
beneath the canopy with fields of view that include the entire fireball
will receive unattenuated thermal radiation. Size of openings and
tree height are thus other important determinants of the susceptibility
of a forest to ignition from an air burst. This indicates the need for
on-the-ground ur from-the-air appraisal of different forest and pre-
sumed explosion situations. This can be done with reasonable accuracy
from aerial observation or photographs and much more rapidly than
from surfacc measurements.

Ground checks using all-sky cameras indicate that the probability
of seeing any appreciable portion of an extended source (suach as
nuclear fi: eball at distances of interest) having an elevation angle less
than 15 degrees above the horizon is negligibly small, even in low den-
sity stands, and can be neglected except at the edge of a forest stand.
In a large proportion of cases of tactical interest, the height of burst
is within a fireball radius or two of the ground surface, and for these
cases damaging thermal exposures are precluded on the forest floor
well within the forest stand at distances where survivable overpressure
levels would be experienced. For greater angles of elevation the prob-
ability of exposure of a point to a fireball at that elevation angle in-
creaaes slowly with elevation, approaching, at the zenith, a value that
may equal the canopy density as ineasured by aerial photographs. Such
a function for a point source for the so-called ''stan-1ard Northern
European forest'* defined in Table 3-2, is illustrated in Figure 3-7
by the curve labelled Pe (0), i.e., the probability of exposure of a
point on the forest floor by (or equivalently, the percent of forest floor
exposed to) a point source of thermal radiation as a “unction of the
line-of-sight elevation angle (in degrees). Over a substantial range
of elevation angles, i.e., 155 6 S 75; this function can be approxi-
mated by Pe (6) = 0.87 6 8.

/

The ''standard Northern European forest' represents a composite
of the characteristics of forests of northern Europe obtained by
averaging the features of ten different stands chosen as representa-
tive of type (pine woods, spruce and deciduous forests, and mixtures
of thes‘e) and tree density (range of about 200 to 1000 trees per acre).

3-12
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Table 3-2. Stondord Northern European forest data.

Sites were chosen on flat terrain in Northern Europe having uni-
form density distributions and generally uniform tree height (not
more than 15 percent variation for not less thon 90 percent of
the trees in the stond). This uniformity is typical of the managed
forests of Europe along with a general absence of undergrowth.
These chaorocteristics are not common to unmanoged (natural)

forests. There is no reason to expect that information derived from

these studies are in ony way opplic;ble to tropical hardwood forests.

Average maximum crown diameter
Average effective crown diometer
Averoge tree height

Tree density

Tree species

3.5 meters
2.5 meters
15.0 meters

0.06 meter 2
243 trees/acre

dominontly coniferous
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Figure 3-7. Probability of exposure of the forest floor (*standard Northern
European forest”) as a function of elevation angle; examples of
a point source and a spherical source subtending an angle of

10 degrees.

For present purposes, it would be convenient if rélatioxiships such
as the foregoing probability of exposure function could be interpreted
as the fraction of free-field radiant exposure incident on the forest
floor. Such an interpretation would be legitimate if the angles sub-
tended by the "holes' in the canopy were generally large compared
to the angles subtended by the fireball. This is rarely so, however.
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The apparent size of the fireball is obviously a function of both
the size of the detonation and the nearness of the point in question.
1t is noteworthy that for many free-field effects of a detonation, e.g.,
given levels of overpressure and tl}c thresholds of such thermal effects
as ignition of fine fuels and flash burns to exposed personnel, the angle
subtended by the fireball at distances of interest are quite insensitive
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to weapon yield; it is often convenient to treat the apparent fireball
size as though it were constant. It is clear, however, that the angle
subtended by the fireball is different for different operationally impor-
tant responses of the target and its occupants. Methods are available
for estimating the apparent size of the fireball corresponding to dif-
ferent kinds and levels of dar-age when such information is useful.
Actual fireball radii were giv:n for a wide range of yields at various
heights of burst in Chapter 2. Overpressure height-of-burst curves
are given in The Effects of Nuclear Weapons (Reference 2). Methods
for estimating ignition and flashburn ranges will be presented in sub-
sequent chapters. ’

Obviously Pe (g) functions, as illustrated by the "standard Northern
European forest' in Figure 3-7, must depend on forest characteristics,
notably tree density, with increased dispersion expected toward the
larger angles of elevation, The data presently available do not ade-
quately reflect the degree of dispersion nor its dependence on forest
characteristics. Some notion of dispersion with tree density can be
obtained from Figure 3-8 which displays the range of results.

|
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LINE-OF-SIGHT ELEVATION ANGLE (degrees)

Figure 3-8. Probability of exposure of forest floor for different levels of tree
density.
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Following intensive aerial inspection of most of the forests of
West Germany supported by numerous ground checks, the U.S. Forest
Service concluded that tactical yield explosions over managed German
forests would produce negligible numbers of fires beneath the tree
canopy. Edge effects in these forests, however, are common; fires
from these ignitions would spread readily except in the spruce timber
type.. To indicate the additional shielding by branches and stems,
 inspection was also made of deciduous forests not in leaf. Thermal ;
energy attenuation was estimated as follows:

Line-of-sight angle Percent of full
(degrees) energy at surface
990 .95
60 80
45 60
30 25

Of course these results are high compared to previously shown
data for the largely evergreen forests of northern Europe, except
for low angles of the line of sight where attenuation is largely indepen-
dent of the canopy and whether it is in leaf.

The current data base is quite poor, particularly as it applies to
unmanaged forests and tropical or temperate broad-leaf forests..
Nevertheless, it can be inferred that radiant exposures within forest
stands are inadequate to ignite materials beneath the canopy at dis-
tances where blast effects are not extreme except, perhaps, in the
least densé¢ly populated stands (less than 50 to 100 trees per acre).’
At distances where survival of blast and prompt radiation effects can
be expected, radiant exposures would be much less than half the free
field over most of the floor of forests having densities of a few hundred
or more trees per acre, and probabilities of exposure to the full free-
field level would be negligibly small.

3.5 REFERENCES
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CHAPTER 4
WILDLAND FUEL IGNITION REQUIREMENTS

4.1 INTRODUCTION

Unlike the other damaging effects of nuclear detonations, fire has
the capability to grow and spread and thereby destroy a much larger
part of the target than was initially affected directly by the detonation.
Whether or not fire spreads significantly beyond the area initially ignited,
no analysis of incendiary damage can be conducted with confidence regard-
less of the extent to which the damage may be due to fire spread without
a reliable evaluation of the initial incendiary response of the target.

Fires produced directly by a nuclear detonation result from the
ignition of lightweight organic material (called tinder by some authors
but referred to here as kindling fuels) by the thermal radiation pulse
accompanying the detonation. The assessment of incendiary hazard
depends upon a number of factors including the thermal radiation dis-
tribution over the target, which has been discussed in previous chapters,
and on the ignition of the fine kindling fuels present in the forest which
will be the subject of this chapter. Wildland fuels are typically a mixture
of thin and heavy fuel components. Often the thinner fuels will establish
the limiting radiant exposure that will be required to start fires in the
mixture. When fuels are dry, ignitions can be expected at quite low
levels of radiant exposure, where the incipient fires have a reasonable
chance of surviving the subsequent blast effects and of growing into
fires t/.at can represent a hazard to military personnel and equipment
in the forest. The necessary radiant exposures depend not only on
moisture content, but also on the characteristics of the fuel and on
disturbing effects of the blast wave that accompanies the thermal radi-
ation pulse that ignites the fuel as well as on weather factors. Ignition
thresholds also depend on the orientation of the fuel and on the conditions
of the nuclear detonation that determine shape and duration of the thermal-
radiation pulse. While it is not currently possible to predict from first
principles the ignition thresholds of kindling fuels, it is possible to de-
scribe quantitatively their dependence on the factors above and it will
be the principal purpose of this chapter to establish these relationships.




4.2 IGNITION THRESHOLDS

Starting with the Trinity shot in 1945 and continuing through to the

-beginning of the current test ban, various combustible materials have
been (intentionally or unintentionally) exposed to the thermal pulse of
nuclear detonations, providing some direct evidence of ignition and other
damaging effects. Concurrent with these tests and subsequent to them,
ignition thresholds have been measured in the laboratory for many of

the same and similar substances. Unfortunately, only a few of the wea-
pons -test data are quantitative and are almost entirely confineéd to ig-
nition by the brief pulses of kiloton-yield airburst in the high-desert
environment of the Nevada Test Site. Whereas most of the laboratory
data are quantitative, they have often been determined from exposures

to pulses that did not have the same pulse shape nor even the same range
of irradiances and pulse durations as the full range of nuclear detonations
of interest.

In spite of these deficiencies, several important conclusions can be
drawn from the data so obtained. For example, it is clear that broadleaf
and coniferous litter (mixtures of fine grass, broken leaves and duff, and
thin translucent broadleaf leaves) can be ignited by exposures of 2 to 3
calories per square centimeter from low-altitude air burst of yields in
the 1- to 20-kiloton range; and heavier leaves (dead grass, conifer needles
and fallen nearly opaque broadleaf leaves) can be ignited by exposures of
between 3 and 4 calories per square centimeter. The significance of these
ignition thresholds is evident when one recognizes that the corresponding
peak overpressures are in order of 2 psi and less for free field conditions.

It is also evident from these data that ignition-threshold values increase
with the thickness «f the kindling fuel, increase with moisture content, are
smaller for darker, more opaque materials and increase with the longer-
duration pulses of larger-yield weapons. The very limited data available
from Pacific tests of large-yield detonations indicate that the ignition thres-
holds for kindling fuels are on the order of a factor of 2 to 3 larger for
megaton-yield detonations. The increase due to moisture contents in
equilibrium with air at high relative humidities is ordinarily not more
than a factor of 2, perhaps as much as a factor of 3 for some materials.
Wet or green leaves, however, are virtually impossible to ignite and
even when ignited will not participate in the development of a persistent
fire. - '

There is some evidence that the blast wave may extinguish incipient

fires, but the effect has usually been observed in fuels that were con-
-strained from moving with the blast wave and the full impact of this

4-2
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interaction is still not evaluated completely. It is to be noted that at
distances close to the detonation where the blast wave arrives early in
the thermal pulse, sufficient radiant exposure may follow the passage
of the blast wave to reignite fuels and to ignite blast-created debris.
~This is more likely to occur with larger yields.

i
i
|
!
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Current interpretations of the qualitative effects of blast on the
persistence of incipient fires are based largely on experiments where
kindling fuels were anchored in place. Had these fuels been free to
move with the blast it must be concluded that many of them, even at
high overpressures, would have continued to burn and would have been
translated for, considerable distances as effective fire brands. Fire
spread following ignitions by these brands would be significantly influ-
enced by the return flow through the negative blast phase.

4.3 DEPENDENCE OF IGNITION THRESHOLDS ON FUEL PROPERTIES,
ENVIRONMENTAL FACTORS, AND BURST CONDITIONS.

4.3.1 Need for a Method of Correlation

The experimesnial determination of the ignition radiant exposures of
all kindling fuels for the necessary variety of conditions and ranges of
weapon yields would be a formidable task. At an early stage in the his-
tory of investigation of ignition thresholds, it was recognized that it
might be possible to use a model kindling fuel and through the use of
similitude theory a generally useful technology of the ignition of kindling
fuels might be g!nerated - one which could successfully predict the re-
sponse of untested materials to untried situations. To a large extent
this expectation has proven to be so. The success of this correlation
method led to an extensive program of experimental study of ignition
thresholds in a model kindling fuel (Reference 1). This program
resulted in the prediction techniques that are being used today.

4.3.2 Choice of Alpha Cellulose as a Model Kindling Fuel

The bulk of the kindling fuels to be found in the large majority of
potential target areas is cellulosic in nature. Although there is increased
use of synthetics in urban areas, the kindlings to be found in forest and
wildland areas are.almost exclusively cellulosic. Accordingly, the ap-
propriate material to use as a model kindling fuel is cellulose. Although
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the properties of cellulose cannot be varied over a wide range of values,
alpha-cellulose papers, prepared by the Forest Products Laboratory,
Madison, Wisconsin, provided a very satisfactory idealized kindling fuel
for experimental purposes. These papers were produced from a single
batch of pure alpha wood pulp. They were made with varying amounts of
carbon black added to provide gradations in optical properties from white
to black and in a range of thicknesses from . 002 inches to . 03 inches.
They were provided in two densities, nominally 1/2 and 3/4 grams per
cubic centimeter which caused them to possess two sets of heat conduc-
tion properties. )

This cellulosic kindling fuel became the subject of an extended research
program. Its ignition behavior under exposure to constant flux levels for
varying exposure durations was scrutinized in detail before attempting to
establish a predictive methodology from ignition data acquired with simu-
lated weapon pulses. As expected, the data correlation for weapon pulse
exposures was of similar form to the correlation for constant-flux (square-
wave) exposures and the acquisition and interpretation of data was greatly
facilitated by the thorough preliminary study using square-wave exposures.

6 305 PV e

A significant finding of this early work was the existence of several
distinct kinds of ignition and of their relationship to one another in terms
of irradiance level and duration of exposure. Transient flaming ignition,
a familiar phenomenon in thick fuels, was observed for even very thin
kindling fuels exposed to high irradiances for very short times. It was
found to be separated from persistent flaming ignition by a clearly defined
threshold when exposures were extended to longer durations. Glowing
ignition, which is always persistent, was recognized as a separate phe-
nomenon that occurred prior to, or entirely replaced, flaming ignition
at low levels of irradiance. '

L

The concept of a critical irradiance, that is, the irradiance level below
which ignition would not occur regardless of the length of exposure, was
advanced to explain the large increases in ignition thresholds at very low
irradiance levels (particularly the lack of correlation for materials of
different thicknesses). Based on the data available at that time, the H
threshold radiant exposure for persistent ignition appeared to increase
in proportion to the quarter power of the exposure duration for irradiances
significantly greater than critical irradiances. This observation spawned
the popular notion, still devoutly held by some, that ignition thresholds
scale as the one-eighth power of weapon yield for sea-level bursts. This
notion however has not survived the subsequent scrutiny of more extensive
data.

%
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4.3.3 Ignition Prediction Method '

The method employed here is based on laboratory observations of i
the response of small model targets of the a-cellulose described above.
ese targets were geometrically idealized representations of real fuels -
typically single flat sheets exposed at normal incidence, except for some
limited testing of layered and crumpled arrays. It is not entirely clear
to what extent the responses of these idealized targets simulate the re-
sponses of such highly complex structures as forests or wheat fields but
it is encouraging to note that, to the limited extent such extrapolations
have beeu attempted, they have been remarkably successful.

With some reservations due to the uncertainties mentioned above,
it appears that ignition behavior determined for model targets made of
alpha cellulose represents fairly well the ignition characteristics of a
wide variety of common kindling fuels and can be used as a measure of
the incendiary reach of nuclear attack. The responses of such model
targets to square-wave thermal pulses have been thoroughly investigated
experimentally and are fairly well understood theoretically. The theoret-
ical analysis has proceeded as far as identifying the dimensionless para-
metric groups in terms of which a universal description of ignition be-
havior can be provided. A large quantity of experimental data can be
correlated using these variables so that this aspect of the method appears
to be both reliable and of great generality. 2

Thermal pulses of nuclear detonations do not possess a rectangular
shape. Detonations at low altitude are characterized by the pulse given
in "The Effects of Nuclear Weapons' (Reference 2), whereas at intermediate
altitudes the pulse may be quite different in shape. A large body of
experimental work has verified that the response of materials to ENW
pulses can be correlated by the same techniques which apply to rectan-
gular pulses. However, information pertaining to the response of
materials to an intermediate pulse shape is sparse and inconclusive.
The method employed here as it applies to the intermediate altitude
regime is the first approximation. It probably reveals the correct
trends, but requires further experimental inputs.

4.3.4 Response to Square-Wave Exposure .

Over a wide range of conditions, the ignition by square-wave pulses
is governed by heat diffusion through the target material. It may there-
fore be expected that a general description of the ignition process can
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be made in terms of a dimensionless quantity such as the Fourier modulus..
The square root of the Fourier modulus designated T is equal to

Yat
L [
. s
where
e = the thermal diffusivity of the material
L = the thickness of the material
t = the time of exposure

and an energy modulus represented by the parameter group* aQ/pcL

where -

a absorptivity of material

pc = the volumetric heat capacity
: et
Q = ignition threshold radiant exposure

The validity of this expectation has been verified experimentally, Over
a wide range of values of the Fourier modulus, (0.01 < 7% < 2,0) the ig-
nition exposure can be computed by means of a single relationship between
the energy modulus and some empirical function of T which is tabulated
in Table 4-1.

For very low values of Fourier modulus, i.e., typically for exposures
at very high.irradiance levels, ablation of the material from the target
surface rather than diffusion of heat governs the ignition process. It
has been anticipated by some workers (Reference 3) that for very short,
high irradiance exposures, the threshold radiant exposure required to
ignite materials would rise sharply. However, the available experi-
mental evidence, which is limited, does not support this contention, but P
indicates that the ignition requirements level off for 7© < 0.01l.

At the other extreme (that is, very long exposures or very thin mate-
rials) heat losses, principally by convection, appear to dominate. ig-
nition will therefore occur only if the rate of radiant energy delivery (the
irradiance) exceeds, even infin‘itesimally, the rate of heat loss at the

This parameter group is the mean temperature rise of the radiation
receiver, if losses are neglected, and therefore, has the dimensions
of temperature. The values quoted in this chapter are in degrees
Celsius, )
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Table 4-1. Coordinates of ignition curve (square-wave exposure).

Fourier
Modylus r oQ/pct
(rd) (]
' 0.0 0.100 2170
« 14158 1860
.04 .200 1550
.06 .245 1420
10 e 1250
16 . 400 1120
18 424 1090
.20 “7 1050
K] “ 1010
24 .490 990
26 510 950
28 529 930
.30 548 890
L 32 566 870
34 .583 840
3% . 600 810
3 818 780
40 .632 760
.44 654 7%
b .48 .692 714
.52 ™ 700
56 748 ®0
&0 774 680
o4 800 83
.70 837 700
74 .860 706
78 884 714
.82 .906 730
86 928 737
. % 949 745
r .96 .98 768
1.02 10 776
’ 110 103 810
120 1.10 850
1.30 114 880
1.40 1.18 910
1.50 122 930
160 1.26 950
1.70 7 120 ‘960
1.80. 1.34 970
190/ 138 " 978
R 2 1.8 982
/ G
A
.
3
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ignition temperature. This Q versus t time curve approaches a ton-
stant asymptotic slope because there is a minimum ignition temperature
for long exposure times. It is thus clear that for large values of the
Fourier modulus, the ignition requirements can no longer be stated

in terms of the Fourier and energy moduli alone ior 72 > 2, these

ok AL AN AL S 1

requirements are given by the expression: . -
aQ : 4 t )
= 885 T 0- 3 N o — —— o . .
Y3 + 0.4 (1 74) pcl (4-1)

so that the limiting irradiance, H = Q/t, approaches about 0. 4 cal cm™2
sec-! asymptotically as T increases to very large values. Actually, the
asymptotic value, called the critical irradiance, is not a fixed value for
all fuels, but depends on the opacity and geometry of the material. The
nature of this dependence is only partially understood at the present

and so the asymptote can be predicted only approximately. It is readily
measured in the laboratory, however. ’

4.3.5 Response to Nuclear Weapon Pulses

It has been found that the response of materials to nuclear-wea on
pulses of the type illustrated in Reference 2 can also be described in
terms of the Fourier and encrgy moduli. However, since these
pulses do not possess a finite duration, the time to second thermal
maximum, t .y, is used in the definition of the Fourier modulus.
Ignition requirements for this type of pulse as found in the laboratory
are given in Table 4-2.

For extremely long pulses, that is 7 > .52, ignition thresholds are
described by the empirical expression

A 1522 70-4 2.6 H, 'max (4-2)

pcL pcL

where Hc is the critical irradiance.

& In the absence of pertinent data, the case of high-altitude pulses
may be treated using the rectangular-pulse model (Table 4-1) and an
equivalent rectangular-pulse duration. This duration may be defined
by ‘

t = ﬂt t80 o (4-3)
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Table 4-2. Coordinates of ignition curve (ENW pulse).

Fourier
Modulus T aQ_/pcl
) )
0.0001 0.0100 740
.001 .0316 710
. .010 .1000 680
.02 1415 670
" L025 .158 660
.030 173 650
035 .187 640
040 .200 630
046 .215 600
050 .224 580
.054 .232 570
.057 .239 560
\ 060 .245 570
064 .253 580 -
070 .265 600 .
.076 .276 620
.100 .316 712
.200 447 1006
.270 .52 1170




where tgg is the time required to release 80 percent of the thermal energy*
and Bt is an empirical factor which depends on tgo and on the material thick-
ness as shown in Table 4-3. The estimates of factor ﬂt were arrived at

~

Table 4-3. The foctor ﬂ'

Range of tgq ] Thin Materials N Thick Materials
(sec) (L<.01cm) (.Olecm<L<.1cm)
0—1 - 1 R
1—10 0.6 1
10—100 .3 0.6
100—1000 ‘ |

' on the-basis of the following considerations:

I. For shert duration pulses, i.e., tgg < i second for thin materials
and tgg < 10 seconds for thicker materials, the duration of the equiva-
lent square-wave exposure is gomparable roughly to the duration of
the pulse because losses are negligible compared to the irradiance
level during most of the pulse. Regardless of the shape of the pulse

if it delivers a radiant exposure large enough to cause significant
effects in a period of less than a second, most of that energy flux

must be delivered at irradiance levels which are very large com-
pared to heat losses. /

2. For very long exposures, the equivalent square wave is the one
having an irradiance level approaching the peak irradiance of the
pulse. Accordingly, the equivalent square wave duration becomes

a progressively smaller fraction of the pulse approaching some
small fraction of it as pulse duration becomes progressively longer.
Without more detailed knowledge of the power-time characteristics

%
Estimates of tg, for some situations can be gotten from classified

sources such as the pertinent weapons test reports. In very rough terms
its magnitude is on the order of t,,,,. for a low-altitude detonation of the
same yield. However, in detailed analyses, it inay produce a closer

fit to observed data than use of t,,,, and is considered nonmeaning-

ful in certain cases.




of the intermediate altitude burst it is not possible to specify the exact
value of the duration of the equivalent square wave expressed as a frac-
tion of tgg. But from a cursory examination of pulses for which details
are known, especially those of the low-altitude burst, Bt = .3 appears
to be a reasonable approximation.

4.4 COMPARISONS OF PREDICTED AND OBSERVED IGNITION THRESHOLDS

4.4.1 Laboratory Dato, .

Following the completion of work on the correlation of the idealized
a-cellulose kindling fuel, attempts were made in the laboratory to vali-
date its ability to predict the ignition thresholds of real kindling .uels
(References 4, 5). Since most of the previously available data were for
small-yield deto.;ations, the emphasis in this laboratory study was given
to simulations of the thermal-radiation pulse of large-yield detonations
for which data were lacking. Genera(lly speaking, the results were satis-
factory. That is, predictions based on the correlation method were sub-
stantiated by experimentally determined values. “An important element in
the use of the correlation methods for such long duration pulses is the
accurate determination of critical irradiances for materials and the
dependence of the critical irradiance on the properties of the materials.
For this reason a sizeable portion of the effort was given to the determina-
tion of critical irradiances and their dependence on the properties of
kindling fuels.

The results of this study can be summarized as follows:

1. It was demonstrated that ignition thresholds for cellulosic
materials can be estimated satisfgctorily by computational
techniques based on the correlation method. Thinner, less- -
opaque cellulosic materials exhibited threshold values that in-
creased somewhat less steeply with increasing pulse duration

than calculations predict, suggesting that changes in optical
properties of these fuels during exposure significantly affect

their behavior.

VS8 9 ST

T



e~

ey DS A A

2. Ignition thresholds of materials were found to be independent

of the size of the exposed area, except for areas of exposure smaller
than about 1 square inch. The most conclusive evidence of this came
from comparisons of independently determined values of the critical
irradiance for materials exposed to large-and small-area sources.
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